Abstract: By comparing experimental and simulation data, surface forces of electro-mechanical memory cells were characterized. In the case of aluminum beams, surface forces were negligible due to rough surface topology. However, in the case of titanium-nitride beams, surface force density was estimated to be 624 kPa. The extracted value of surface force can be fed back into the finite-element-analysis (FEA) simulation for better modeling accuracy.
Introduction
As an alternative to conventional flash memory technology, electro-mechanical memory cells have attracted much attention. Previously, a novel electromechanical memory cell has been proposed for nonvolatile memory applications as shown in Fig. 1 (a) [1] . The proposed electro-mechanical memory cells generally have small volume, large surface area, and narrow air gap, so that surface forces can increasingly affect performance and reliability as the cell size is scaled down. Thus, the characterization of surface forces between the bit line and the oxide/nitride/oxide (ONO) layer is indispensable to provide guidelines for electro-mechanical memory cell design.
Many papers have been published for simple and accurate characterization of surface forces. The most widely used method is to fabricate an array of cantilevers of different lengths on the same die [2, 3, 4] . Adhesion can be forced by applying pressure from a probe. After the pressure is removed, the array is examined to find the shortest cantilever beam remaining in contact with the substrate. From the length of this beam, the surface adhesion energy can be determined. However, sticking of the cantilever beam to the probe tip which is used to apply pressure is a problem for this method. In order to address this issue, a modified version of the method utilized electrostatic force instead of pressure from a probe.
However, these two methods are difficult to use for characterization of surface forces of the electro-mechanical memory cells shown in Fig. 1 (a) . In the proposed electro-mechanical memory cell, the bit line is covered by the read word line and passivation layer, which means the movement of the bit line cannot be observed by using microscopes. Also, the thickness of air gap is too small to observe the change in cantilever beam profile and determine contact area sizes. Thus, in this study, we used an indirect method to determine surface forces and energy: pull-in and release voltages are measured experimentally and compared against simulated values in order to estimate the surface forces.
Surface force characterization
In order to quantify surface forces, we fabricated cantilever-type electromechanical memory cells using two kinds of beam material: aluminum and titanium nitride as shown in Fig. 1 (a) . Fig. 1 (b) and 1 (c) show the scanning electron microscopy (SEM) images of the fabricated cells. Table I summarizes the design parameters of each cell. The two memory cells have the same design parameters except for beam length (L beam ) and width (W beam ). To determine surface forces, finite-element analysis (FEA) was performed. In FEA simulation, surface forces were quantified by a two-step process: pull-in voltage (V pull−in ) and release voltage (V release ) modeling. In the first step, V pull−in modeling step is necessary for calibration: the Young's modulus of the cantilever beam used for the FEA is adjusted so that the simulated V pull−in equals the measured V pull−in . In the second step, V release modeling is done. Since surface forces are not considered in the FEA simulation, the difference of hysteresis voltage (V pull−in -V release ) between the FEA-simulated and measured data can be attributed to surface forces. Fig. 2 (a) shows the aluminum beam case. Since there is no difference between the measured and simulated V release 's, it can be inferred that the surface forces are negligible. However, for the case of a titanium nitride beam shown in Fig. 2 (b) , 0.2-V difference between the measured and simulated V release 's is observed, indicating that surface forces influence cell characteristics. The surface force difference between the aluminum and titanium nitride cases stems from a difference in surface roughness: generally, aluminum beams have a much rougher surface than titanium beams due to spiking of aluminum into the sacrificial amorphous silicon material; as a result, contact between an aluminum bit line and the ONO surface is made only at some asperities, resulting in negligible surface adhesion force. Thus, surface forces are characterized only in the titanium nitride beam case. In order to extract surface forces of titanium nitride beams, in the second step, surface forces are included in the FEA simulation and their values are adjusted in order to obtain a match between the simulated and mea-sured values. The modeling results reveal that 30-nN surface force exists over an apparent contact area of 48500 nm 2 in the case of titanium nitride beams. Thus, the surface force density is estimated to be 624 kPa which is not ignorable when modeling electro-mechanical memory cells.
Conclusions
Surface forces of electro-mechanical memory cells have been characterized by using the measured and FEA-simulated data. Because it is impossible to observe beam movement of electro-mechanical memory cells by using microscopes, an indirect method has been proposed. According to the characterization results, contrary to aluminum beams, titanium nitride beams show significant surface forces. The extracted values of surface forces will be helpful in improving the accuracy of electro-mechanical memory cell modeling.
